We study dust acoustic gravity modes in a partially ionized collisional dusty plasma in linear and non linear limits. In the linear regime unstable collisional dust acoustic gravity waves are found. In the non linear regime we found that the presence of frictional force strongly affects various type of vortex formation. It is shown that the condition for the formation of chains of vortices is modified due to the frictional force. Possible applications of the result in context of lower planetary dusty atmosphere and astrophysical dusty fluid are discussed.
Introduction
Dusty or complex plasma is characterized by the presence of highly charged and massive dust grains, in addition to the usual electron, ion and neutral species. Charged dust grains are ubiquitous in industrial, astrophysical and space plasma environments. It has been realized, that dusty plasma could have wide ranging application in a variety of plasma environments, and this has given rise to a rapid growth in studies of plasma. It is well known that barometric equilibrium supports acoustic-gravity waves. It is also found that these waves may become unstable in a stratified medium. In an acoustic wave the pressure gradient is responsible for restoration of the displaced fluid element from its equilibrium position. On the other hand for a gravity wave, action of the gravitational force on a displaced fluid element acts as a restoring force. e.g., ocean waves exist only at the surface of the water, where there is a sharp and abrupt change in the density. Generation of vortices is a special feature of stratified flow in plasma. Stratified flows and vortex motion have also been studied in other branches of physics, e.g., Zonal flow and the Great Red Spot in the Jovian atmosphere, astrophysical fluid, etc. A large body of work, dealing with vortex structures, exists in literature of formation of nonlinear structures in plasma ([5] and reference cited therein). Large scale atmospheric nonlinear structures, e.g., Rossby waves are well understood by Charney's model [2] . Hasegawa and Mima [3] substantiated an analogy between Rossby waves and drift waves in magnetized plasmas. They noted that the role of Coriolis force was replaced by Lorentz force in the case of drift waves. An equation describing MHD vortices stretched along field lines was obtained by Kadomtsev and Pogutse [4] . Nonlinear study of acoustic-gravity waves has shown that under certain conditions, acoustic-gravity waves could lead to formation of acoustic solitary vortices [9] . The observed structures in the lower planetary atmosphere can then be understood as a localized vortex chain solution of the equations describing acoustic gravity waves [10] . Stenflo [12] also showed that nonlinear low frequency acoustic gravity waves can appear in form of localized dipole type vortices. In short, acoustic gravity vortices are extensively studied in Refs. [9] [10] [11] [12] [13] in the context of pristine plasma. Since the existence of dust grains are indubitable in a planetary atmosphere, the above discussion regarding acoustic gravity wave and vortex could be interesting also for dusty plasma. Keeping this in mind, acoustic-gravity waves have been analyzed in dusty environment by Shukla and Shaikh [8] . The problem of waves in stratified barometric equilibrium was also addressed in the presence of charged dust by Shaikh et al. [6] .
It ought to be stated that, systematic studies of collective behavior of complex plasma, at linear and non-linear levels, have revealed that the presence of highly charged grains could lead to new time and length scales in the plasma as well as produce several new waves and instabilities (e.g., in Ref. [7] ). One of the most important aspects of dusty plasma, apart from charged dynamics, is that of collisional nature of the complex plasma. It is found that dissipative charging process is characterized by a charging frequency ch ; Z d times larger than the ion-ion collision frequency, where Z d ' 10 3 is a measure of the electronic charge on the grain [1] . The rate of the elastic collisions of the ions with the dust particles differs from the charging collisions of ions on dust by a factor ln l D =r d , where l D is the dusty Debye length and r d the grain radius. Typically for grains in dusty plasmas l D ) r d , therefore charging and elastic frequencies of the ions could be much larger than ion-ion, electron-electron binary collisions. Frequency of acoustic-gravity waves could be comparable to the collision frequencies. In this situation, it is imperative to consider the consequences of collisions on the non-linear structure in complex plasma. In this manuscript, we therefore, study dust acoustic gravity modes in a partially ionized dusty plasma where the effects of frictional forces between dust grains and neutrals and dust grains with ions are important.
We have derived an appropriate set of equations with non-Boussinesq approximation. The problem has been studied in both linear as well as non-linear regimes. It is found that the presence of frictional force strongly affects the growth of instability leading to vortex formation. We also find that for charge dependent decay length, with cold dust, the condition for existence of chains of vortices is modified. Finally, the usefulness of the results in context of
